components which are in vivo present in the extracellular matrix (ECM) of mammalian cells. Since they are derived from natural sources, hydrogels formed from these polymers are inherently cytocompatible and bioactive. They can promote many cellular functions due to a diversity of endogenous factors present. However, scaffolds fabricated from natural sources are rather complex and often ill-defined, making it difficult to determine exactly which signals are promoting the cellular outcome (Cushing & Anseth, 2007) . Furthermore they can possess an inherent batch-to-batch variability which can affect sensitive cells in their viability, proliferation, and development (Cushing & Anseth, 2007) . Due to these limitations of gels formed from natural polymers, a wide range of synthetic polymers has been found suitable regarding their chemical and physical properties (Hoffman, 2002) . The advantages of synthetic gels include their consistent composition and predictable manipulation of properties. A few examples of synthetic hydrogel building blocks are given in Figure 1 , including neutral (upper row) and ionic (bottom row) monomers (Peppas et al., 2006) . Fig. 1 . Some examples of synthetic hydrogels that are used in biomedical applications. Reproduced with permission from Peppas et al., Adv. Mater., 18, 1345-60. Copyright 2006 John Wiley and Sons. Proteins are molecules, which often adsorb unspecifically from solution at biomaterial interfaces, a phenomenon that has been documented in a wealth of publications, e.g. references: (Andrade & Hlady, 1986; Andrade et al., 1992; Wahlgren & Arnebrant, 1991) . Almost any material, when exposed to a physiological, protein-containing solution, becomes coated with proteins within seconds. As widely recognized, this adsorption of proteins to synthetic material surfaces is of great importance in the field of biomaterials as it plays a determining role for the subsequent cellular responses. Failure of most implant materials stems from an inability to predict and control the process of protein adsorption and cell interaction, resulting in an inappropriate host response to the material (Castner & Ratner, 2002; Hlady & Buijs, 1996; Tsai et al., 2002) . Biomaterial surface-induced thrombosis, for example, one of the major problems in clinical applications of materials in contact with www.intechopen.com circulating blood, begins with the unspecific adsorption of plasma proteins (Andrade & Hlady, 1986; Harris, 1992; Horbett, 1993) . Not only with regards to tissue engineering and implant design unspecific protein adsorption is a highly critical process, also different devices in diagnostics (e.g. protein arrays) and biosensors are based on specific receptor-ligand binding, demanding a noninteracting background. Therefore, much effort has been focused on the development of inert, protein resistant materials and coatings (Chapman et al., 2000; Elbert & Hubbell, 1996) . Many synthetic hydrophilic polymers, including PAA, PHEMA, PVA, PEG and poly(ethylene oxide) (PEO) have been applied for this purpose (see Figure 1) (Castillo et al., 1985) .
Biomedical applications of PEG-or PEO-based hydrogels
Some of the earliest work on the use of PEG and PEO as hydrophilic biomaterials showed that PEO adsorption onto glass surfaces prevented protein adsorption (Merrill et al., 1982) . Several subsequent studies confirmed that PEO, or its low molecular weight (Mw<10 kDa) equivalent, PEG, were showing the most effective protein-repellent properties (Harris, 1992) . PEG-modified surfaces are non-permissive to protein adsorption, bacterial adhesion and eukaryotic cell adhesion (Zhang et al., 1998; Desai et al., 1992; Drumheller et al., 1995; Krsko et al., 2009 . Based on these properties, PEG hydrogels are one of the most widely studied and used materials for a variety of biomedical applications such as tissue engineering, coating of implants, biosensors, and drug delivery systems (Langer & Peppas, 2003; Langer & Tirell, 2004; Krsko & Libera, 2005; Tessmar & Gopferich, 2007; Veronese & Mero, 2008; Harris & Zalipsky, 1997) . PEG substrates have also been used to generate patterns of proteins or cells using for example the technique of microcontact printing (Whitesides et al., 2001; Mrksich & Whitesides, 1996; Mrksich et al., 1997) . PEG hydrogels are approved by the US Food and Drug Administration (FDA) for oral and topical application; they are little immunogenic and non-toxic at molecular weights above 400 Da. Since PEG itself is not degradable by simple hydrolysis and undergoes only limited metabolism in the body, the whole polymer chains are eliminated through the kidneys or eventually through the liver (Mw < 30 kDa) (Harris, 1992; Knauf et al., 1988) . Many groups have investigated surface coverings of PEG or PEO in order to try to elucidate why PEG has such remarkably effective properties and different theories have been proposed (Jeon et al., 1991; Prime & Whitesides, 1993) . First, there are generally only weak attractive interactions between the PEG-coatings and a wide range of proteins, as protein adsorption is generally known to be more pronounced on hydrophobic surfaces in comparison to hydrophilic ones (Morra, 2000) . Furthermore, as the interaction between water and PEG via hydrogen bonds is more favorable and surpasses possible attractive interactions of proteins with the surfaces, a repulsion force is created. Therefore the hydration of the layer, i.e. the binding of interfacial water is of high relevance for the exclusion of other molecules coming near the polymer surface (Harris, 1992; Harder et al., 1998) . Additionally, molecules approaching the rather flexible, loosely crosslinked PEG hydrogel from the surrounding medium initiate the compression of the extended PEG molecules inducing a steric repulsion effect (Jeon et al., 1991; Morra, 2000) . More specifically, a loosely crosslinked gel has relatively long segments between the crosslinks, which can take a relatively large number of conformations. The number of segment conformations would be substantially restricted by the binding of a protein molecule to the gel surface. This would lead to a relatively large unfavorable entropic change, making the process of protein adsorption very unfavorable for thermodynamic reasons. Additionally, the high mobility of PEG chains allows little time for proteins to form durable attachments. Many techniques have been developed to create PEG or PEO-bearing surfaces, e.g. exploiting physical adsorption, chemical coupling, and graft polymerization (Harris, 1992; Harris & Zalipsky, 1997; Prime & Whitesides, 1993; Fujimoto et al., 1993; Prime & Whitesides, 1991) . Whitesides and co-workers have studied covalent coatings of oligo(ethylene glycol)s, so-called self-assembled monolayers (SAMs) and found that the resistance to protein adsorption increased with the chain length of the oligomers Whitesides, 1991 and 1993) . Furthermore, it has been demonstrated that the adhesion resistance of PEG increases with chain packing density (Sofia et al., 1998; Malmsten et al., 1998) . In recent years the versatility of star-shaped PEG molecules has been recognized, as they present a high number of end-groups per molecule allowing interconnectivity and functionalization (Groll et al., 2005a (Groll et al., & 2005b Lutolf et al., 2003) . Some star polymers have been shown to achieve a high surface coverage and localization of the end-groups near the top of the star polymer (Irvine et al., 1996) . Therefore, star-shaped PEG molecules are an interesting and promising alternative to linear PEG.
PEG-based hydrogels formed by UV-curing: patternable biomaterials
We have been using PEG hydrogels that are prepared by UV-based radical crosslinking of six-armed star-shaped macromonomers via acrylate (Acr) end-groups. The polymer backbone consists of a statistical copolymer of 85 % ethylene oxide and 15 % propylene oxide (P(EO-stat-PO)) and each star molecule bears 6 reactive Acr end-groups. The formal notation of the precursor polymer would thus be Acr sP(EO stat PO). Nevertheless, in the following the resulting, crosslinked network will be denoted PEG-based (hydro)gel, even though the arms of the precursors do not consist of pure PEG, but contain a fraction (15%) of propylene glycol units in the copolymer. These PO-units give the prepolymer its unique and very useful property of being a liquid at room temperature, before crosslinking. The crosslinking reaction was initiated by a UV-based radical reaction with benzoin methyl ether as photoinitiator (PI) and an additional crosslinker (CL) (pentaerythritol triacrylate). Further experimental details concerning the synthesis and the curing conditions can be found in our recent publications (Lensen et al., 2007; Diez et al., 2009 ). The hydrogel substrates were applied as free-standing bulk gels for 2D cell culture studies. Due to the fact that the prepolymer Acr-sP(EO-stat-PO) is liquid before crosslinking, the precursor mixture can be molded in any shape, which has enabled us to imprint desired micro-and nanometer topographic patterns into the hydrogel surface (Lensen et al., 2007; Diez et al., 2009 ). In the following, the properties of this hydrogel system in view of its use in biomedical applications will be evaluated, e.g. the cytotoxicity and cytocompatibility will be assessed, and the cell behavior on the surface of the hydrogels will be demonstrated. Finally, the remarkable effect of surface topography and substrate elasticity on protein adsorption, cell adhesion and cell spreading will be discussed.
Fabrication and properties of PEG-based substrates

Synthesis of PEG-based hydrogels from Acr-sP(EO-stat-PO) macromonomers
Hydrogels fabricated for the application in cell culture studies were crosslinked from AcrsP(EO-stat-PO) prepolymers. UV-irradiation was used to initiate radical polymerization of the macromonomer mixture with added photoinitiator (PI) and crosslinking agent (CL) (Figure 2) . To ensure a complete reaction of the acrylate end-groups which could otherwise undergo undesired reactions with the biological system, the curing kinetics of the system were monitored. It was confirmed that after 10 min more than 90 % of the C-C double bonds of the acrylate end-groups had been consumed. After 60 min only 2.3 % of unreacted endgroups were left. Based on these observations it was decided to apply 60 min of UVirradiation to the samples in order to achieve virtually complete crosslinking. Bulk PEGbased substrates were fabricated by casting the prepolymer mixture against a smooth silicon surface. The UV-photopolymerization via the acrylate end-groups on the sP(EO-stat-PO) arms does not only allow topographic patterning of the hydrogel's surface, but also enables tuning of the crosslinking density, hence stiffness. Thus, varying the amount of added photoinitiator (PI) and crosslinker (CL) represents a practical approach to controlling the mechanical properties of PEG-based hydrogels (Figure 3) . This is of high relevance for biomedical applications, as it is well known that cells feel and respond to the stiffness of the underlying substrate (Discher et al., 2005; Engler et al., 2006; Yeung et al., 2005) . PEG-based hydrogels with distinctly different mechanical properties were fabricated; the resulting hydrogels from 3 different formulations are denoted as soft, intermediate and stiff (Schulte et al., 2010; Diez et al., 2011) . The stiffness in the swollen state, which is obviously the most relevant for cell culture, was shown to be approximately half of that measured in the dry state, ranging from ~100 kPa for the softest to 1 MPa for the stiffest, thus covering one order of magnitude in elastic modulus (Figure 3 ).
Cytotoxicity assessment of PEG-based substrates
As the material has not been used in this exact composition before, cytotoxicity tests were conducted to prove that possible traces of unreacted acrylate end-groups, photoinitiator or crosslinker did not interfere with cell viability. The impact of the material on the viability of L929 fibroblasts was tested with an indirect cell test. Cell membrane integrity as an important indicator for cell viability was tested with a commercially available enzymatic assay. Values shown in Figure 4 were derived by comparison with a control sample of mortalized cells (incubation with DMSO), which was set to 100 % cytotoxicity. It should be noted that no direct test was possible as PEG is known to be anti-adhesive and the majority of the seeded cells would not stay attached to the PEG-substrate and could therefore not be used for quantitative studies. The percentage of dead cells after 24 h in the indirect cell test with medium that had been conditioned with PEG samples gave values between 7 % and 16 % depending on the sample composition (variations in the amount of PI and CL) and the solvent used for previous extraction of the samples. No significant difference in cytotoxicity could be observed comparing soft, intermediate and stiff samples. Looking at the impact of sample extraction medium, substrates which had been incubated in water for 24 h prior to the test showed the lowest cytotoxic effect. Compared with results gained by extraction with organic solvents (acetone) or without any treatment, the cytotoxicity level detected for the water washed samples was significantly lower (p<0.05 and p< 0.01, respectively). As a consequence of these test results PEG samples were stored in sterile water for at least 24 h after the crosslinking process prior to in vitro application.
Fibroblast culture on smooth PEG hydrogel substrates
In order to assess the cytocompatibility of the PEG-based hydrogels in direct contact with cells, L929 cells were cultured directly on the surface of bulk free-standing substrates. Samples of the three introduced elasticities were applied and cell morphology was documented by live imaging after 24 h and 48 h in culture ( Figure 5) . Subsequently, fixed and dried cells were further evaluated by means of electron microscopy (FESEM). As can be seen in Figure 5 , the cell morphology on the three different PEG substrates did not vary significantly, all cells displayed a round shape and only little or no stable cell adhesion was evident. This clearly confirms the cell-repulsive properties of the PEGbased material. Electron microscopy further showed that the rinsing and fixation of the samples led to the removal of a large number of cells. This observation underlines that only a negligible amount of cells was able to establish a contact to the surface. The majority of the cells tended to form aggregates after longer cultivation times. The number of cells visible on the images of the different samples cannot be compared directly as a slight shaking of the medium led to an immediate re-destribution of the cells above the surface. Based on the observation that the cells were not able to build stable contacts to the surface the consequences for intracellular processes were studied as well. Many anchoragedependent cell types stop to proliferate or can undergo a programmed cell death (apoptosis) without the presence of integrin-mediated cell-surface contacts (Frisch & Francis, 1994; Gilmore, 2005) . The amount of the apoptotic markers caspase-3 and caspase-7 after 48 h of cultivation time on the three different PEG substrates and polystyrene (PS) was assessed with a commercially available assay and compared to a culture where apoptosis was specifically induced by staurosporin addition (values set to 100 %). The results are depicted in Figure 6 . As seen in Figure 6 , cells cultured on the three different sP(EO-stat-PO) hydrogels did not show an enhanced level of apoptotic activity compared to those seeded on the control substrate PS. This observation is in accordance with results from other groups showing that fibroblasts are not very sensitive to lack of adhesions to a solid substrate if serum is present in the medium (Ishizaki et al., 1995; McGill et al., 1997) . There was also no significant difference between the samples with the three different crosslinking degrees. Cell adhesion to PS after 48 h was confirmed by light microscopy. Fig. 5 . Microscopic investigation of cytocompatibility of PEG-based hydrogels. L929 fibroblasts were cultured on smooth, bulk PEG samples that were fabricated with different percentages (w/v) of photoinitiator (PI) and crosslinking agent (CL); resulting in different mechanical properties. Cell morphology was monitored by light microscopy at different time points (24 h and 48 h) after initial cell seeding. Electron microscopy images (FESEM) of cells which were fixed and dried after 48 h are shown in the bottom row.
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Fibroblast culture on micropatterned PEG hydrogel substrates
While no cell adhesion was observed on the smooth surface of the PEG-based hydrogels, we have discovered that cells do adhere to bulk PEG hydrogels when they are topographically patterned (Lensen et al., 2008; Schulte et al., 2009) . Figure 7 depicts some representative images of fibroblasts adhering to the micropatterned surface of the PEG hydrogels. In order to explain this observation we have considered that proteins may adsorb to the physically patterned gels and/or that the cells themselves 'feel' the physical pattern and respond on the level of cytoskeletal adaptations. In two follow-up studies we investigated those two (biochemical and biophysical) arguments in more detail. Thus, we examined the possibility of protein adsorption to the gels and we explored the effect of systematic variations of geometry and stiffness of the hydrogels on the enabled cell adhesion. The first investigation concerned the systematic variation of the deformability of the topographic structures that the cells are assumed to perceive. Although it is unlikely that the cells are able to really deform the micrometer-sized bars, we did envisage that the deformability of the surface structures to depend on the groove width, on the aspect ratio of the bars, and on the inherent mechanical properties of the gels. Thus we prepared line patterns with different groove width (5, 10, 25 and 50 µm) and depth (5, 10 and 15 µm). Also we prepared hydrogel formulations resulting in gels with three different stiffnesses, denoted soft (~90 kPa), intermediate (~350 kPa) and stiff (~1 MPa). We have examined the effect of geometric parameters and of mechanical properties of the hydrogels and found that cells prefer to bind inside of grooves that are of comparable size as their cell body, i.e. 10 µm wide and notably when those 10 µm wide grooves were shallow (5 µm deep). The effect of stiffness variations was only evident in combination with topography, and increased cell adhesion and spreading was observed on the softer gels (Figure 8 ; Schulte et al., 2010) . 
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The cells were found to adhere inside the grooves and form adhesion contacts with the side walls as well as to the bottom of the shallower grooves. They were able to adhere to the narrower (5 µm wide) grooves as well, but had to undergo tremendous shape adaptations, including deformation of the cell nucleus, as observed from fluorescence microscopy using selective staining agents for the actin cytoskeleton and for the nucleus (Figure 9 , right image). The cells apparently like to snug into well-fitting grooves in a more compliant hydrogel material. No visual deformation of the hydrogels was found; the cells rather adapted their shape to fit into too narrow grooves (i.e. 5 µm wide; Schulte et al., 2010) . Second, we investigated whether proteins could adsorb non-specifically to the gels and if so, if they would adsorb differently on the topographic structures, e.g. preferentially on the walls of the grooves, or on the convex (outer) or concave (inner) corners, since the eventually adherent cells were found to be located inside of the grooves and aligned along the ridges. We incubated the patterned hydrogel samples in protein solutions of three selected extracellular matrix (ECM) proteins, i.e. Fibronectin (FN), Vitronectin (VN) and bovine serum albumin (BSA). The former two are cell adhesion mediating proteins, while BSA does not facilitate cell adhesion. BSA is the most abundant protein in serum, and besides its abundance it is also a small protein, which diffuses fast and reaches the surface faster than the larger proteins FN and VN and finally the cells. With help of immunological staining using fluorescently labeled antibodies we could demonstrate that from pure protein solutions all three proteins were able to adsorb to the PEG surfaces to a certain extent . The fluorescence was homogeneously distributed over the surface; there was no detectable difference between for example the vertical walls or the horizontal planes between the grooves. Finally, it seemed that BSA was able to diffuse into the PEG hydrogels, since the fluorescence was not restricted to the surface . Fig. 9 . Elongated cell morphology on topographically patterned PEG hydrogels with 10 or 5 µm wide grooves. Reprinted with permission from: Schulte et al. Biomacromolecules, 11, 3375-83. Copyright 2010 American Chemical Society. Notwithstanding the ability of all three proteins to adsorb to the PEG hydrogel, only VN was observed to adsorb in a detectable amount under competitive conditions, i.e. from a mixture of VN and FN and when serum, a complex mixture of proteins, was supplemented ( Table 1 ; Schulte et al., 2011) . This result was rather unexpected, since BSA is usually observed to adsorb to virtually any surface, and because FN is generally considered to be the most important cell adhesion mediating protein in serum and consequently has been much more studied than VN. Table 1 . Protein adsorption to the surface of the (topographically patterned) PEG-based hydrogel; qualitative results are given for samples that were incubated with serum (100% or 10% in buffer solution) or with buffer solutions containing a mixture of the pure proteins Vitronectin (VN) and Fibronectin (FN) in various ratios. Reproduced from: Schulte et al., (2011) Macromol. Biosci. (in press) . Copyright 2011 John Wiley and Sons. Fig. 10 . Cell adhesion on PEG hydrogels enabled by surface topography and/or preincubation with the cell adhesion-mediating protein VN. Reproduced from: Schulte et al., Macromol. Biosci. (in press) . Copyright 2011 John Wiley and Sons.
In order to verify whether this small but significant amount of adsorption of VN to the PEG surface is responsible for the observed cell adhesion on topographically patterned hydrogels we investigated the pre-incubated hydrogels (both smooth and patterned) in cell culture.
We analyzed the number of adherent cells and found an increased number of cells on the VN-incubated hydrogels. This effect was also found for the unpatterned, smooth hydrogels; after VN-incubation a very small but significant number of cells were able to adhere to the PEG surface. In Figure 10 these results are depicted; comparing smooth and patterned hydrogels with and without VN-incubation. It can be seen that compared to the effect of topography alone, the VN-incubation alone was less effective in enabling cell adhesion. Remarkably, the effect of VN on cell adhesion was only evident at early time points; after 24 hours the enabling effect was completely lost. Finally, a striking synergistic effect was observed from the combination of VN-incubation and topography; the number of adherent and spread cells was larger than the sum of the individual contributions . Taking into account the apparent difference in the effect of topography and VN with time, we tentatively conclude that the cell adhesion protein VN facilitates the initial cell adhesion, while the adhesion-enabling effect of surface topography becomes dominant at longer times and is necessary for the development of durable and stable adhesion complexes.
Conclusion
Hydrogels are of high relevance for several biomedical applications. We have described the fabrication of a hydrogel system based on poly(ethylene glycol) and evaluated the potential of this PEG-based gel as a patternable biomaterial. PEG-based polymers are of great importance as biomaterials for applications in cell and tissue engineering, as coating of implants or biosensors, and as drug delivery systems. In particular, PEG coatings have been used to minimize surface biofouling by plasma proteins to create surfaces that are "invisible" to cells. Cell biological studies with murine fibroblasts (NIH L929) confirmed the expected non-adhesive nature of the smooth hydrogel surfaces and furthermore ruled out any toxic effect of the material. Alterations of the mechanical properties could easily be achieved by varying the crosslinking density. The most striking result from our studies is that the very popular and versatile PEG biomaterial is not cell-repellent per se. Only when the surface of the bulk PEG hydrogels is smooth it is anti-adhesive to cells, and this applies to all hydrogels we have investigated with a stiffness ranging from 0.1 to 1 MPa. However, we have discovered that on the same PEG hydrogels when decorated with micropatterns of topography, cells are able to adhere and spread. We have explored several underlying biochemical, biophysical and biomechanical factors that could attribute to this phenomenon and found that these factors do have an effect indeed, and notably the combination of these parameters, e.g. protein adsorption, surface topography and substrate compliance, work together to enable cell adhesion to the intrinsically anti-adhesive PEG biomaterial. More specifically, three investigated PEG-based hydrogels with different stiffness were all cell anti-adhesive when smooth. However, in combination with topography, the softer gels were clearly more attractive for the cells; on softer gels with the same pattern geometry, significantly more cells adhered and spread than on the intermediate or stiffer gels. It seems that the compliance of the softer gels enables the cells to 'squeeze' into the grooves, although the cells apparently deform their own cytoskeleton rather than the topographic features. We also discovered that a slight but significant amount of the ECM-protein Vitronectin is able to adsorb to the PEG surface and that this leads to an increase in initial cell adhesion during the first 4 hours of cell culture. However, this effect rapidly falls off. The effect of topography is a more durable effect that dominates at longer time scales, suggesting its role in the enabling of stable adhesion complexes, which is a process that occurs during more than several hours. We consider that the topographic features may provide shelter to the cells and prolong their residence time inside of the grooves. Added to this, the 'pulling' of the cells on the weakly bound cell adhesion proteins may be less effective when they are confined between the vertical walls than when the surface is smooth; as a consequence focal adhesion contacts can develop into stable focal adhesion complexes. Thus, the combination of different (bio)chemical, physical and mechanical properties of the PEG hydrogels results in the observed cell adhesion on this intrinsically anti-adhesive biomaterial. The effects are difficult to disentangle, and marked synergistic effects were observed for example when using topographically patterned hydrogels that were incubated with Vitronectin prior to cell culture. As PEG is generally well known for its anti-adhesive properties and is widely applied in biomedical applications, it is important to take into consideration what our study has shown: physical and mechanical surface properties can impede the anti-adhesive characteristics of PEG. On the other hand it also opens new opportunities for biomimetic material design which does not rely on complicated and expensive biochemical surface functionalization for manipulating cellular responses.
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